Higher cognitive functions depend critically on synchronized network activity in the gamma range (30-100 Hz), which results from activity of fast-spiking parvalbumin-positive (PV) interneurons. Here, we examined synaptic activity in the gamma band in relation to PV interneuron activity, stimulation-induced calcium activity in neurons and astrocytes, and cerebral blood flow and oxygen responses in the somatosensory cortex of young adult and old adult mice in vivo using electrical whisker pad stimulation. Gamma activity was reduced in old adult mice, and associated with reduced calcium activity of PV interneurons, whereas the overall responses of neurons and astrocytes were unchanged. Hemodynamic responses were highly correlated to the power of synaptic activity in both young adult and old adult mice, but the hemodynamic response amplitude attained was lower in old adult mice. In comparison, the work-dependent rise in O 2 use, that is, the rise in the cerebral metabolic rate of oxygen (CMRO 2 ) evoked by excitatory postsynaptic currents almost doubled in old adult mice. We conclude that PV interneuron function and gamma activity are particularly affected in old adult mice. Alterations in neurovascular coupling and CMRO 2 responses may contribute to increased frailty and risk of cognitive decline in aged brains.
Introduction
Fast-spiking (FS) inhibitory interneurons produce neocortical network oscillations in the gamma frequency range (∼30-100 Hz) (Cardin et al. 2009 ), which is fundamental for information processing during higher cognitive functions, such as perception and memory formation (Freund and Katona 2007) . Gamma frequency activity emerges from the precise synaptic interactions of excitatory pyramidal cells and FS interneurons, in particular parvalbumin-positive (PV) interneurons (Cardin et al. 2009; Avermann et al. 2012) . Recent data suggest that preserved FS PV interneuron activity requires strong functional performance of mitochondria and a robust blood supply of glucose and oxygen (Kann et al. 2014) . The studies predict that provision of energy or a mismatch between energy demand and supply, that is, low blood flow or mitochondrial dysfunction, may be critical for gamma-range synchronization leading to altered network activity and cognitive decline (interneuron energy hypothesis) (Kann et al. 2014) . Activity-induced hemodynamic responses are tightly correlated to the power of local field potential (LFP) oscillations in the gamma range, and gamma-range synchronization is believed to underlie cerebral blood flow (CBF) responses in both rodent and human brain (Niessing et al. 2005; Sumiyoshi et al. 2012) . The relationship between local neural activity and subsequent changes in CBF, that is, neurovascular coupling, controls the delivery of oxygen and glucose to neural tissue (Thomsen et al. 2004) . During brain aging, both neurovascular coupling and the cerebral vessels undergo profound alterations, such as vascular stiffing and oxidative stress due to increased production of reactive oxygen species (ROS) (Girouard and Iadecola 2006; Zlokovic 2011; Balbi et al. 2015) . These changes increase the risk of cerebrovascular diseases, such as stroke and possibly vascular dementia. Hemodynamic alterations occur prior to cognitive decline in elderly with high risk of developing Alzheimer's disease (AD) (Girouard and Iadecola 2006; Zlokovic 2011) . The efficiency of neurovascular coupling has also been reported to be lower in old than in young brains (Park et al. 2007 ), but the mechanism for this change is incompletely understood. Accumulating evidence suggests that cerebrovascular changes may contribute to age-related cognitive decline and dementia such as AD (de la Torre and Stefano 2000) .
Here, we tested the hypothesis that impaired neurovascular coupling in the aging brain was linked to alterations in stimulation-induced LFP gamma activity and a deficit in PV interneuron function. To systematically test this prediction, we studied the association between evoked PV interneuron activity, gamma power, CBF, and oxygen consumption. PV interneurons were selectively labeled and visualized using two-photon microscopy in transgenic mice expressing enhanced green-fluorescent protein (EGFP) from the glutamic acid decarboxylase 67 (GAD67) promoter (Tamamaki et al. 2003) . In parallel studies, we measured electrophysiological variables, CBF, and oxygen consumption. Results were compared in young adult (3-10 months old) and old adult mice (16-24 months old). We report that gamma frequency activity evoked by somatosensory stimulation was reduced in brains of old adult mice and this was linked to a strong reduction in the activity of PV interneuronal perisomatic projections, and failures of synaptic responses at high stimulation frequencies. There was no evidence for changes in LFP alpha (8-12 Hz) and beta (16-30 Hz) oscillation frequency bands, or alterations in neuronal excitability as indicated by spontaneous and evoked spike activity, or changes in Ca 2+ responses in neurons and astrocytes as indicated by two-photon calcium imaging in vivo. The reduction in gamma frequency activity and FSPV interneuron function correlated with impaired neurovascular coupling in old adult mice. The ratio of the cerebral metabolic rate of O 2 (CMRO 2 ) to the corresponding LFPs, that is, workdependent respiration, doubled in aged mice, which may be explained by an age-dependent rise in oxidative phosphorylation of glucose (Goyal et al. 2014) . We conclude that the mismatch of energy use and supply may contribute to increased frailty in the aging brain and predispose to sporadic AD (Drachman 2006 ).
Materials and Methods
All animal protocols and procedures were approved before use by the Danish National Ethics Committee, according to guidelines in the European Council's Convention for the Protection of Vertebrate Animals used for Experimental and Other Scientific Purposes. Electrophysiological data were collected from C57BL/6 mice (n = 12; 6 young adult males, 12-16 weeks old, and 6 old adult males, 24 months old). Two-photon microscopy imaging studies were performed in 13 GAD67-GFP transgenic mice (CB6-Tg (GAD1-EGFP)G42Zjh/J), expressing EGFP from the GAD67 promoter (n = 13; 7 young adult males 9-10 months old, 4 female and 2 male animals, 16-17 months). The GAD67-GFP transgene drives expression of EGFP in PV interneurons throughout the brain, as previously described (Tamamaki et al. 2003; Chattopadhyaya et al. 2004) . In this strain, EGFP fluorescence is detected in soma, dendrites, axons, and perisomatic boutons and the labeling in cortex constitutes 12% of the neuronal population (Tamamaki et al. 2003) . Here, studies focused primarily on the perisomatic boutons and their target neuronal somas (neuronal somas on to which these boutons terminated).
Surgical Procedures
The mice were prepared for electrophysiology and two-photon imaging as reported previously (Jessen et al. 2014) . Anesthesia was induced with bolus injections of xylazine (10 mg/kg i.p.) and ketamine (60 mg/kg i.p.) and maintained during surgery with supplemental doses of ketamine (30 mg/kg/20 min i.p.). Upon completion of all surgical procedures, anesthesia was switched to α-chloralose (50 mg/kg/60 min i.v.). The trachea was cannulated for mechanical ventilation (SAAR-830; CWE) and catheters were placed into the left femoral artery and vein to monitor blood pressure and blood gasses and for infusion of substances. The end-expiratory CO 2 (microCapstar End-tidal CO 2 Analyzer, CWE) and blood pressure (80-120 mmHg, Pressure Monitor BP-1, World Precision Instruments) were monitored continuously. An arterial blood sample was taken immediately after surgery before starting the electrophysiological or imaging experiments and was used to adjust respiration to obtain physiological blood gas values ( p O2 , 95-110 mmHg; p CO2 , 35-40 mmHg; pH, 7.35-7.45, ABL 700Series, Radiometer). Body temperature was maintained at 37°C using a rectal temperature probe and heating blanket (Model TC-1000 Temperature Controller, CWE). The skull was glued to a metal plate with cyanoacrylate gel (Loctite Adhesives) and fixed in the experimental setup. A craniotomy was drilled with a diameter of ∼4 mm and a center 0.5 mm behind and 3 mm to the right of bregma over the sensory barrel cortex region. Dura was removed and the preparation was covered with 0.75% agarose gel (type III-A, low EEO; Sigma-Aldrich) and moistened with artificial cerebrospinal fluid (aCSF; in mM, NaCl 120, KCl 2.8, NaHCO 3 22, CaCl 2 1.45, Na 2 HPO 4 1, MgCl 2 0.876, and glucose 2.55; pH = 7.4) at 37°C, aerated with 95% air/ 5% CO 2 . At the end of experiments, mice were euthanized by intravenous injection of air followed by decapitation.
For imaging experiments, part of the craniotomy was covered with a glass cover slip, which permitted insertion of electrodes and pharmacological interventions. CBF, tissue partial pressure of oxygen (t p O2 ) and excitatory and inhibitory synaptic currents as indicated by extracellular current sources in response to whisker pad stimulation were measured in 12 mice, whereas cytosolic Ca 2+ responses using the same stimulation protocol were examined in 13 mice using two-photon microscopy.
Electrophysiology
Extracellular LFPs were recorded with a vertical 8-channel Michigan probe with 50 µm between the electrodes (A1 × 16-3 mm-25-177, NeuroNexus Technologies) and an 8-channel amplifier (gain ×1000, band with 1-10 000 Hz; PGA16, Multichannel Systems). All electrical analog signals were digitally sampled at least 5 times the low-pass filter frequency using a Power1401 mk II interface (Cambridge Electronic Design, Cambridge, UK) connected to a personal computer running Spike2 software (Cambridge Electronic Design, Cambridge, UK). The 8-channel probe was inserted into the barrel cortex in such a way that the uppermost channel was positioned just below the pial surface and the bottom channel at depth of 400 µm, that is, spanning the barrel cortex through layer I, layer II/III, and into layer IV (Woolsey and Van der Loos 1970) . Based on the laminar profiles of the LFPs, current source density (CSD) maps were calculated (see CSD calculation below).
Whisker Pad Stimulation
The contralateral ramus infraorbitalis (IO) of the trigeminal nerve was stimulated with a pair of custom-made bipolar electrodes inserted percutaneously. The cathode was positioned into the hiatus IO, and the anode was inserted into the masticatory muscles (Norup Nielsen and Lauritzen 2001) . Stimulation of the whisker pad evokes activation of neurons in the brainstem that relay the signal to layer IV of the somatosensory barrel cortex. The excitatory neurons of layer IV project to layer II/III and cause activation in this area (Petersen and Crochet 2013) . We identified evoked excitatory postsynaptic currents (EPSCs) corresponding to an LFP in layer II/III and layer IV from the multichannel probe. Animals were stimulated for 1 ms with 1.5 mA or in trains of 15 s at 0.5, 2.0, and 5.0 Hz (ISO-flex, A.M.P.I., Israel) with 3 repetitions, as controlled by a sequencer file running Spike2 software (version 7.02, Cambridge Electronic Design). This particular stimulation paradigm was chosen for 2 reasons-stimulation of 15 s duration allowed us to report changes in steady-state conditions, and the frequencies of 0.5, 2.0, and 5.0 Hz were chosen because they enabled us to report reproducible LFPs and hemodynamic responses in the contralateral somatosensory cortex at low, intermediate, and high stimulation frequencies (Jessen et al. 2014) . Evoked EPSCs were identified in layers II/III and layer IV using the multichannel probe. We have calculated an average of the EPSC corresponding to a depth of 100-250 µm (layer II/III) and layer IV (300-400 µm) (Woolsey and Van der Loos 1970) . We calculated the EPSC as an average of each stimulation frequency in each animal and subsequently averaged across animals in the 2 groups of young adult or old adult animals. The electrophysiological recordings of young adult and old adult animals were inspected visually offline and, based on this examination, we concluded that old adult animals only evoked LFPs for every other stimuli during 5 Hz stimulation of 15 s. This "failure of synaptic events" was not observed at lower stimulation frequencies.
ΣEPSC was calculated as equal to the product of the EPSC (mV) and the stimulus rate (Hz), summed over the period of stimulation (15 s). This is a measure of extracellular ionic flux produced by evoked synaptic currents, reflecting Na + flux via ionotropic glutamate receptors (Mathiesen et al. 2000) . ΣEPSC is presented, as mean ± SEM. For the correlations between ΣEPSC and CBF, and ΣEPSC and CMRO 2 , each data point is an average within the age group at the different stimulation frequencies. The graphs represent mean ± SEM value for CBF or CMRO 2 and ΣEPSC, respectively. Layer II/III was the only layer in which both oxygen and Ca 2+ measurements were obtained. Therefore, only electrophysiological data were compared in layers II/III and layer IV.
CSD Calculation
CSD is related to the second-order spatial derivative of the LFP under the assumptions of constant extracellular electrical conductivity, homogenous cortical in-plane activity, and equal distance between recorded potentials (Nakagawa and Matsumoto 1998) . CSD was determined from the averaged laminar LFP profiles using custom-written Matlab scripts (The MathWorks), which calculated the difference between LFP amplitudes for every running set of 3 neighboring channels. The CSD maps obtained in this manner identified the location and amplitude of the negative and positive currents (see Supplementary Fig. 1 ).
Spike Quantification
Spikes were measured in layer II/III and layer IV of the somatosensory cortex. We quantified the spike profile by first removing the stimulation artifact from the evoked responses and then applied a high-pass 9-pole Butterworth filter of 300 Hz, thereby removing every synaptic event below this frequency. Next, we quantified the power of evoked spikes during stimulation and during baseline activity (spontaneous activity). Then, we calculated the root mean square of the responses and the spikes are presented as mean ± SEM.
Gamma Frequency Activity
For quantification of theta (4-7 Hz), alpha (8-12 Hz), beta (16-30 Hz), and gamma frequency (30-90 Hz) activity, we removed the stimulation artifact from the LFP signal. Using a Fourier transformation, we determined the power of the frequency band activity in both layer II/III and layer IV and quantified it by calculating mean power values for each stimulation frequency, baseline conditions, that is, corresponding to spontaneous activity, and stimulation periods. The results of the analysis of different frequency activity bands in the LFP signal are calculated as the average power of the specific frequency band and presented as mean ± SEM.
Cortical Blood Flow Measurement
CBF was measured using a laser-Doppler probe (LDF), which was placed at a fixed position 0.3 mm above the pial surface in a region devoid of large vessels (wavelength 780 nm; 250-µm fiber separation allowing CBF measurement up to 1 mm depth; Perimed, PeriFlux 4001 Master, Sweden; (Fabricius et al. 1997 )) close to the microelectrodes recording oxygen tension and the 8-channel probe (∼0.1 mm apart). The LDF method does not measure CBF in absolute terms, but is valid in determining relative changes in CBF during moderate flow increases (Fabricius et al. 1997) . CBF changes were calculated relative to baseline, defined as the average flow for 20 s before stimulation. All CBF changes presented in text and figures represent averaged data that were transformed according to Fabricius et al. (1997) . The magnitude of the CBF response was calculated as the average relative increase starting at stimulation onset and lasting until return to baseline. As the CBF responses last longer than the stimulation frequency (>2 Hz), all responses are presented as area under the curve (AUC) ± SEM.
Local Tissue Oxygen Partial Pressure
The oxygen electrode was placed in the depth of 150 µm corresponding to layer II. Local t p O2 was recorded with a modified Clark-type polarographic oxygen microelectrode (OX-10, Unisense A/S, Aarhus, Denmark). The small tip size (10 µm) assured reliable t p O2 measurements and its built-in guard cathode removed all oxygen from the electrolyte reservoir. The spatial resolution of the oxygen electrode equals the outside tip diameter (for product information see http://www.unisense.com/O2/). Calibration of each electrode was performed in air-saturated and oxygen-free saline (0.9% at 37°C) before and after each experiment with reproducible oxygen measurements. The oxygen electrode was connected to a high-impedance pico-amperemeter (PA 2000, Unisense A/S, Aarhus, Denmark) sensing the currents of the oxygen electrode. Signals were A/D converted and recorded at 10 Hz (Power 1401 A/D converter running with Spike2 software (Cambridge Electronic Design, Cambridge, UK). Current recordings were transformed to mmHg using the calibrations with saturated and oxygen-free standard solutions.
Calculation of CMRO 2
CMRO 2 responses were calculated offline from simultaneously obtained recordings of t p O2 and CBF as described by Gjedde et al. (2005) and as reported previously (Jessen et al. 2014) . The relationship between these 3 variables is given by
where P 50 is the half-saturation tension of the oxygen-hemoglobin dissociation curve, h is the Hill coefficient of the same dissociation curve, C a is the arterial oxygen concentration, and L is the effective diffusion coefficient of oxygen in brain tissue (Gjedde et al. 2005 ).
The parameter L was determined using baseline CBF and CMRO 2 values measured in rats anesthetized with alpha-chloralose, 53 mL 100 g −1 min −1 and 219 µmol 100 g −1 min −1 , respectively (Zhu et al. 2002) , and the average baseline oxygen tension for all the animals included in this study. We found an average of t p O2 ± standard deviation (STD) in old adult animals to be 29.3 ± 4.2 mmHg, and that of young adult animals to be 27.5 ± 2.2 mmHg. There was no statistical difference between the groups (P = 0.45). Similarly, we found no statistical difference between the average L value ± STD for young adult versus old adult animals (P = 0.37), and the L values were 4.4 ± 0.3 and 4.8 ± 0.6, respectively. Thus, we found no difference of the L value between the 2 groups and therefore calculated the L value as an average of all animals included in the electrophysiological study. By this method, L was found to be 4.54 µmol·100 g −1 min −1 mmHg −1 for standard values of P 50 = 41.0 mmHg; h = 2.7; and C a = 8 μmol mL −1 . Like CBF, stimulation-induced rises in CMRO 2 were calculated relative to baseline, defined as the average CMRO 2 for 20 s before stimulation. All CMRO 2 responses presented in text and figures represent averaged data. The magnitude of the CMRO 2 response was calculated as the average relative increase starting at stimulation onset and lasting until return to baseline. As the CMRO 2 responses last longer than the stimulation frequency (>2 Hz), all responses are presented as AUC ± SEM.
Dye Loading
The somatosensory cortex was surface-loaded with sulforhodamine 101 (SR101, Sigma-Aldrich, 1 mM diluted in aCSF) which is specifically taken up by astrocytes (Nimmerjahn et al. 2004 ). Subsequently, the somatosensory cortex was covered with agarose and partly sealed with a glass cover slip as described above under Animal Handling (Lind et al. 2013) . Following loading with SR101, the hemodynamic responses were measured as intrinsic optical signals (IOS) for localization of the active area for two-photon microscopy. We used a Leica microscope with ×4 magnification allowing the entire cranial window to be included in the field of view. IOS images were obtained using a light-emitting diode (LED) light source with a green light filter and a fast capturing camera (QuantEM 512SC) with a sampling rate of 28.8 Hz before and during a 15-s, 5-Hz whisker pad stimulation. The difference in absorption due to the shift in oxy-and deoxyhemoglobin concentrations was calculated as explained elsewhere (Harrison et al. 2009 ). The resultant IOS images were then used to guide the loading of the Ca 2+ indicator. The membrane permeant Ca 2+ indicator Oregon-Green-Bapta-1/AM (OGB;
Invitrogen, Molecular probes) was dissolved in dimethyl sulfoxide plus 20% Pluronic F-127 (BASF Global) and diluted in aCSF to yield a final dye concentration of 0.8 mM. OGB was then pressure injected (4-6 psi, 4 s; Pneumatic Pump; World Precision Instruments, Hertfordshire, UK) into the somatosensory cortex through a micropipette at a depth of 100-150 µm below the surface of the somatosensory cortex. OGB subsequently stained the cellular structures in the targeted area (Lind et al. 2013 ).
Two-Photon Imaging
Ca 2+ activity in layer II/III of the somatosensory cortex was imaged in response to whisker pad stimulation using the experimental protocol described above. Ca 2+ imaging was carried out using a commercial two-photon microscope (SP5 multiphoton/ confocal Laser Scanning Microscope; Leica, Germany), a Mai Tai HP Ti:Sapphire laser (Millennia Pro, Spectra Physics, Sweden), with a 20 × 1.0 NA-water-immersion objective (Leica, Germany). The Ca 2+ activity was separated into compartments based on both the pattern of labeling and the properties of the GAD67-EGFP transgenic mice ( Fig. 4a-d ). All neurons and neuropil were labeled only with OGB and thus were green when using a FITC filter to reveal green fluorescence (Nimmerjahn et al. 2004 ). Astrocyte somas and their processes were labeled with both SR101 and OGB and therefore appear yellow. For positive identification of astrocyte somas and their processes as well as neuronal somas, the excitation wavelength was set to 800 nm. The emitted light was filtered to retain both red and green light using a TRITC/ FITC filter cube (Fig. 3b) . The PV interneuron somas and PV perisomatic boutons could be positively identified due to the properties of the genetically encoded EGFP. Using a DAPI filter to reveal blue light and excitation wavelength of 850 nm, PV perisomatic boutons and PV somas appeared blue (Langer and Helmchen 2012) . For data acquisition, the excitation wavelength was set to 820 nm and the emitted light was filtered to retain both green and blue light using a FITC/DAPI filter cube (Fig. 3a) . This allowed for identification of PV interneuron somas, PV perisomatic boutons, and for measuring evoked Ca 2+ activity in cellular structures and neuropil (Langer and Helmchen 2012) . By using the FITC/DAPI filter, we retrained fluorescence in green from OGB, while obtaining fluorescence from EGFP originating from PV interneurons in blue. By the differences in wavelength (Fig. 3c) , it is possible to separate between EGFP and OGB in our preparation (Langer and Helmchen 2012) . This allowed us to carefully discriminate between fluorescence signals stemming from PV interneurons and that of their target cells and other neurons and astrocytes (Figs 3d-g and 4a-d).
The frame size was 128 × 128 pixels (85 ms/frame). Imaging parameters were adjusted to allow concomitant identification and imaging of several neuron and astrocyte somas, as well as neuropil and PV perisomatic boutons in each frame. Whisker pad stimulation gave rise to robust increases in fluorescence reflecting Ca 2+ activity in the area (Lind et al. 2013 ).
Image Analysis
Regions of interests (ROIs) were placed on astrocyte somas, neuropil, neuronal somas, PV perisomatic boutons, and neuronal somas onto which PV perisomatic boutons were terminating (Fig. 4d) . PV interneurons can be distinguished from other GAD67-expressing neurons by the presence of perisomatic boutons, which target neuronal somas and form a "basket" around the somas of the target cells (Fig. 3d) . Hence, PV interneurons are also termed "basket cells" (Kann et al. 2014) . Neuronal somas in the focal plane that lacked obvious PV perisomatic boutons are most likely innervated by a number of different types of interneurons. However, these particular neurons might still be innervated by both PV interneurons on axons and dendrites. Very careful placement of ROIs is necessary to avoid contamination of the signal obtained-this is especially relevant when placing ROIs on perisomatic boutons and target cells. By zooming substantially on the image, we defined ROIs on PV perisomatic boutons which only emitted blue fluorescence. The circumference of the ROI was smaller than the actual bouton to avoid contamination of the signal from the target neuron. The same holds true for the target neuron, which was allocated ROIs smaller than the size of the neuron, to avoid contamination from surrounding areas. The width of the point spread function in our system is 1.46 µm along the z-axis, 0.20 µm along the xaxis and 0.29 µm along the y-axis as reported previously (Lind et al. 2013) . Despite thorough and careful placement of ROIs, there might be contamination of the signals obtained in the different ROIs, which is due to the inherent properties of the microscope, such as the point spread function. However, PV perisomatic boutons that moved out of focal plane during stimulation was discarded for placement of ROIs and, thereby, only PV perisomatic boutons that remained in focus during the entire stimulation and acquisition time of 420 frames were chosen for analysis. Data were discarded if the signal from the PV perisomatic bouton was similar to the signal recorded from the targeted pyramidal neuron to avoid confounding ROI contamination. Of 13 mice imaged, 7 were adults and 6 were old. 
Statistical Analysis
For all initial analysis, we used a mixed-effects analysis with R (Development Core Team (2010), R Foundation for Statistical Computing, Vienna, Austria) followed by t-tests performed in Excel (Excel, Microsoft Office). Hence, the effect of age, that is, comparison between adult and old animals, was assessed on evoked Ca 2+ activity, CBF, CMRO 2 , and ΣEPSC responses, the power of alpha, beta, theta, and gamma frequency bands and spikes during baseline conditions and evoked activity. Subsequently, a nonpaired two-tailed t-test (Excel, Microsoft Office) was performed to test for statistical significance at specific stimulation frequencies between the groups. Significance level was set at α = 0.05. Increases in evoked CBF and CMRO 2 were normalized to the immediately preceding 20-s baseline. Ca 2+ transients were normalized to the immediately preceding 35-s baseline. CBF, CMRO 2 responses as well as the electrical parameters, that is, ΣEPSC, power of frequency bands, and the number of spikes, were logtransformed to ensure a normal distribution of the residuals for statistical purposes and after statistical analysis back-transformed. Normal distribution of residuals was assessed in all cases by Q-Q plots and a scatter plot of residuals versus fitted values. Results of the mixed-effect analysis are given in the text of the Result section as (P value) and are also indicated by either asterisks or "NS" (not significant) in the legend in the upper left corner of each graph. This test was used to compare between groups, whereas results of the subsequent t-tests are indicated in the figures and figure legends by use of asterisks; *P < 0.05; **P < 0.01; ***P < 0.001 above the specific frequency.
For all experiments, n refers to the number of animals within a group and not to the number of repeated stimulations. The value of n is given in the appropriate figure legends and in the Materials and Methods section.
Results

Decreased Gamma and Theta Activity in Old Adult Mice
Electrophysiological data were collected in layers II/III and IV of the somatosensory cortex of C57BL/6 mice after whisker pad stimulation at 0.5, 2.0, or 5.0 Hz (Norup Nielsen and Lauritzen 2001) . Figure 1 compares electrophysiological data from young adult (12-16 weeks) and old adult mice (24 months old). The strongest evoked responses were observed at stimulation frequency of 2.0 Hz, independent of the age of the animals (Jessen et al. 2014) . Power spectrum analysis of the LFP signal (Fig. 1a-g ) revealed a significant reduction in the power of evoked gamma (P < 0.05; Fig. 1a ) and evoked theta activity (P < 0.05; Fig. 1b ) in layer II-IV of old mice, but not in the power of either alpha (P = 0.435; Fig. 1c ) or beta frequency (P = 0.052; Fig. 1d ) bands suggesting that this change of function was specific for the activity in the gamma band and theta bands. Furthermore, CSD maps showed a reduction in the evoked summed EPSC (ΣEPSC) in old adult animals compared with young adult mice, in layer IV (Fig. 1j , P < 0.05; see also Supplementary Fig. 1 ). Moreover, in old adult animals, we observed failures of synaptic responses in both layer II/III (Fig. 1k) and layer IV at stimulation frequency of 5 Hz as reported previously for rat somatosensory cortex (Matsuura et al. 1999; Norup Nielsen and Lauritzen 2001) .
In comparison, the evoked cortical spike activity as indicated by multiunit analysis was the same in young adult and old adult animals (P = 0.15, Fig. 1h ) indicating that the overall neuronal excitability remained constant.
Aging Causes a Mismatch Between Use and Supply of Energy
Next, we evaluated the effect of aging on hemodynamic responses. We hypothesized that, if the magnitude of hemodynamic responses depended on the power of the gamma band, then a decrease in gamma power would lead to a corresponding reduction in the CBF response (Niessing et al. 2005) . Indeed, we report that CBF responses were lower in old adult than in young adult mice during whisker pad stimulation ( Fig. 1l , P < 0.05). We correlated the CBF responses with gamma frequency activity (Fig. 2a) and found a strong linear correlation for both young adult (R 2 = 0.93, P < 0.05) and old adult (R 2 = 0.99, P < 0.005) mice as others have reported previously (Niessing et al. 2005; Sumiyoshi et al. 2012 ). In comparison, whisker pad stimulation evoked a significantly higher increase in the cortical metabolic rate of oxygen in old adult than in young adult mice (CMRO 2 ) ( Fig. 1m , P < 0.05). The sum of the excitatory synaptic currents, ∑EPSC, was highly and linearly correlated with CBF (R 2 = 1, P < 0.001) and CMRO 2 (Fig. 2b,c ) (R 2 = 0.99, P < 0.05) in both old and young adult mice.
Thus, synaptic activity was proportionally reflected in the hemodynamic response function and remained tightly coupled independent of animal age, but the level that was reached for each stimulation frequency was lower for CBF in old adult than in young adult mice. The dependence of CMRO 2 on ∑EPSC reflected a similar proportional relationship in old and young adult mice but with a much steeper slope in old adult animals.
Ca 2+ Signaling in PV Interneurons in Young and Old Adult Mice
We hypothesized that, if gamma band activity is produced by FSPV interneurons, then a reduced gamma band power in old adult brains may reflect persistent decreases in FSPV interneuron activity. This we monitored in vivo by two-photon microscopy in transgenic mice selectively expressing EGFP under the GAD67 promoter, in PV interneurons (Fig. 3d) (Tamamaki et al. 2003; Chattopadhyaya et al. 2004; Langer and Helmchen 2012) . We observed that PV interneurons formed large perisomatic boutons on both neurons and astrocytes (Fig. 3g) , but also terminated directly on the brain capillaries (Fig. 3e,f ) . These observations are consistent with the proposed involvement of PV interneurons in modulating gamma frequency activity (Kann et al. 2014) , and support a tight relationship between PV interneurons and astrocytes (Lee et al. 2014) , and also emphasize that PV interneurons are ideally situated to take active part in the neurovascular coupling responses (Niessing et al. 2005; Enager et al. 2009 ).
Previous studies have suggested that changes in Ca 2+ homeostasis contribute to aging-associated changes in brain function (Toescu and Vreugdenhil 2010) , which in turn attenuates gamma activity, increases mitochondrial depolarization and energy demand in the brain (Driver et al. 2007; Lu et al. 2012) . Thus, from an aging perspective, there is a great interest in examining Ca 2+ signaling in the working brain. Therefore, we next tested the hypothesis that the age-related attenuation we observed in gamma frequency activity reflects dysfunction of astrocytes, neurons or neuropil. For this purpose, we monitored evoked Ca 2+ signaling in PV perisomatic boutons and their target neurons, excitatory neurons, astrocytes, and neuropil using the membrane-permeable Ca 2+ indicator, OGB ( Fig. 4a-d ).
In the young adult animals, we observed that the Ca 2+ signal was significantly smaller in astrocyte somas compared with that of the other cells (see Supplementary Fig. 2 ). In contrast, within the group of old adult animals, PV targeted neurons and PV boutons showed the smallest Ca 2+ signal to stimulation. The results across groups revealed that changes in evoked Ca 2+ signaling occur in PV perisomatic boutons ( Fig. 5c , P < 0.05, see also Supplementary Fig. 3 ) and their targets ( Fig. 5d , P < 0.05), in which the Ca 2+ signaling was significantly reduced in old adult animals. In contrast, Ca 2+ activity did not vary with animal age in other neuronal somas ( Fig. 5e , P = 0.792), the neuropil ( Fig. 5f , P = 0.292), and astrocyte somas ( Fig. 5g , P = 0.409). The increase in OGB fluorescence during whisker pad stimulation could potentially be influenced by the baseline level of EGFP in the PV perisomatic boutons, as EGFP and OGB have overlapping emission spectra (Fig. 3c) . However, we found that the baseline EGFP fluorescence (average F 0 ± STD) did not significantly differ (P = 0.904) between young adult and old adult animals with values of EGFP F 0 = 16 993.23 ± 5870.29 and EGFP F 0 = 16 345.65 ± 4249.87, respectively, indicating that the level of EGFP is not influenced by age and is comparable between the 2 groups. We also calculated the Ca 2+ activity in PV perisomatic boutons as the ratio of OGB/EGFP fluorescence during whisker stimulation (see Supplementary Fig. 3 ), and found that the results were the same as reported in Figure 5c . Lastly, we investigated if the signal in the PV perisomatic boutons were affected by differences in noise in baseline OGB fluorescence by calculating the evoked Ca 2+ activity in standard deviations of baseline (only in-
cluding Ca 2+ signals above a threshold of 2 × STD of baseline) (see Supplementary Fig. 3 ). By this method, we again found that the Ca 2+ activity in PV perisomatic boutons was significantly reduced in the old adult animals compared with young adult animals. Consequently, the reduced power of gamma frequency activity and the mismatch in use and supply of energy cannot be explained by a general, global decrease in the activity of neurons, neuropil, or astrocytes, but must be linked to the reduced activity of PV boutons and their target neurons (Attwell et al. 2010; Lee et al. 2010) , feeding into a vicious circle with detrimental outcome for brain networks and functions (Fig. 6 ).
Discussion
In this study, brain network activity and hemodynamics were compared in young adult and old adult mice after whisker pad stimulation. The results relate the following differences between evoked responses in young adult and old adult mice: Gamma frequency activity is significantly reduced in old adult animals. This leads to a decrease in neuronal network activity, causing failures of synaptic responses at high stimulation frequencies and a reduction in the ΣEPSC, while the general excitability remains constant. In the same animals, the reduction of gamma activity correlated with a concomitant decrease in the magnitude of CBF responses, while the CMRO 2 response increased. Twophoton studies showed a cell-specific reduction in the Ca 2+ signaling in PV perisomatic boutons and their targets, indicating reduced function of PV interneurons. Since repeated synchronization of FSPV interneurons are thought to underlie neocortical gamma oscillations (Siegle et al. 2014) , we suggest that the reduced gamma power in old mice is linked to decreased function of FSPV interneurons.
In aged human brains, the size of the neuronal somas decreases, even though the number of pyramidal cells remains constant (Fabricius et al. 2013) . In aged mouse somatosensory cortex, Mostany et al. also report smaller neuronal spines, but larger axonal boutons, which both increased with age. In rodents, neither the numbers of pyramidal cell somas nor PV somas decrease during aging (Shi et al. 2006; Stanley et al. 2012; Mostany et al. 2013) . Similarly, in hippocampus, PV somas and boutons were not significantly reduced during aging, whereas somatostatin interneurons were lost (Shi et al. 2006; Stanley et al. 2012 ). The ΣEPSC tends to decrease (Hof and Morrison 2004) and in the human brain, GABAergic activity declines with age (Limon et al. 2012 ) and release of GABA from inhibitory neurons declines (Stanley et al. 2012 ). In addition, spines and dendrites recede or regress in the somatosensory cortex of older mice, suggesting a possible molecular basis of age-related cognitive decline in rodents and primates (Dumitriu et al. 2010; Mostany et al. 2013) . Taken together, these reports suggest that there is an imbalance between inhibition and excitation in the aging brain, and supports that the findings of the present paper most likely reflect an alteration of network dynamics, rather than a loss of cells. Here, we report that evoked gamma activity significantly declines with age. This result is consistent with in vitro data showing that evoked gamma frequency activity is suppressed or reduced in hippocampal slices from old mice (Vreugdenhil and Toescu 2005; Lu et al. 2011) . We previously showed that release of glutamate from presynaptic terminals drives evoked synaptic potentials, in a manner dependent on flux of positive ions in the extracellular fluid (Lauritzen et al. 2012) . The observed reduction in ΣEPSC we report here may also be explained by a change in the timing of the incoming volley. A slight decrease in the synchrony of the synaptic input may result in a reduced synchrony of extracellular positive ions during evoked synaptic activity, ultimately leading to a reduced ΣEPSC. This is consistent with the reported decrease in Ca 2+ signaling in PV perisomatic boutons and their target neurons in brains of aged mice. These data further support the view that synaptic efficacy decreases with age (Hof and Morrison 2004) . In line with this view, we report that the spiking activity remains constant during aging. This may be explained by reduced gamma activity in old adult mice, because a decrease in synaptic inhibition may increase neuronal excitability. PV interneurons are "feed-forward" activated by glutamate at presynaptic terminals, such that PV interneurons and excitatory neurons are activated in a nearly simultaneous manner (Freund and Katona 2007) . The projections of PV interneurons extend in parallel to the pial surface, where they contact and innervate proximal pyramidal neurons and interneurons (Bacci et al. 2003) . These interactions are critical to evoked neural responses, and age-related changes in the structure, function, and dynamics of these networks change the balance between excitation and inhibition, and decrease synaptic efficiency in old animals (Lu et al. 2011) . The synaptic failures consistently observed in old adult mouse brains after stimulation at 5 Hz may reflect an adverse impact of low synaptic Ca 2+ in PV interneuron-innervated pyramidal neurons, because these neurons play a role in generating action potentials and synaptic currents (Holmgren et al. 2003) . The inhibition mediated by PV interneurons is not hyperpolarizing but shunting; resulting in reduction of the EPSC amplitude in the PV targeted neurons, a condition that favors fast inhibitory and excitatory synaptic neurotransmission. If PV inhibition fails, this may lead to temporal heterogeneity in the output from PV targeted neurons in response to synaptic excitation. The reduced synchrony may translate into larger variability in the action potential frequency (Wang and Buzsaki 1996; Bartos et al. 2007) , which may result in dropout of synaptic responses at stimulation frequency of 5 Hz as well as reduced ΣEPSC as described above. We suggest that the attenuated calcium responses in pyramidal neurons innervated by PV interneurons may reflect reduced network synchrony. Furthermore, reduction in activity of this fraction of excitatory neurons is expected to reduce ΣEPSC and possibly gamma frequency activity. The decline of LFP amplitudes may also be explained by a longer recovery time for cortical nerve cells due to the long-lasting inhibitory postsynaptic potential following the initial excitation, and the intrinsic membrane properties of the activated cells (Creutzfeldt 1995) . In neurons, glutamate may regulate intracellular Ca 2+ rises via activation of NMDA receptors and intracellular stores (Verkhratsky and Shmigol 1996; Attwell et al. 2010) . Accordingly, one possible explanation for the reduced Ca 2+ activity in the PV targeted neurons could be due to decreased release of Ca 2+ from intracellular stores, but it is the Ca 2+ entry via the NMDA receptor that predominantly contributes to the intracellular Ca 2+ concentration in neurons during rises in activity (Verkhratsky and Shmigol 1996; Berridge 1998) . Therefore, it is most likely that reduced synaptic activity attenuated the Ca 2+ influx via the NMDA receptor in the old adult mice (Wenk and Barnes 2000; Robillard et al. 2011 ).
In contrast, we report here that, in neurons and neuropil, the Ca 2+ activity did not significantly differ between young adult and old adult mice. This is explained by the preserved spiking activity and ΣEPSC in layer II/III, which also remained unchanged in old adult mice when compared with young adult mice.
In the somatosensory cortex, gamma frequency activity occurs after NMDA- (Carlen et al. 2012 ) and AMPA- (Goldberg et al. 2003) receptor-dependent accumulation of intracellular Ca 2+ in PV interneurons. Evidence presented in this paper and elsewhere (Foster and Kumar 2002; Robillard et al. 2011) suggests that network dynamics and/or decreased Ca 2+ flux through NMDA/AMPA receptors contribute to aging-related cognitive dysfunction. In particular, altered expression of NMDA receptors in the prefrontal cortex correlates with lower glutamate-stimulated synaptic activation in layer II/III pyramidal neurons of older monkeys (Foster and Kumar 2002; Hof and Morrison 2004; Luebke et al. 2004) . Other studies are consistent with reduced flux of Ca 2+ through NMDA receptors (Robillard et al. 2011 ) and a decrease in the number of AMPA and NMDA receptors (Foster and Kumar 2002) during aging. The evoked change in CBF after somatosensory stimulation is weaker in old adult mice than in young adult mice (Fig. 1l) . This finding is consistent with previous reports, showing a decline in basal CBF in healthy aged human brains (Martin et al. 1991; Aanerud et al. 2012 ) and in evoked CBF responses of both humans (Niehaus et al. 2001 ) and mice (Park et al. 2007) . Though the evoked CBF responses in young adult and old adult animals were different in magnitude, the linear correlation between CBF and ΣEPSC was preserved. This suggests that the neurovascular coupling remained functional in the old adult animals, and the reduced blood flow responses are therefore most likely a result of altered network or vascular dynamics. However, other possible explanations are age-related changes in the responsiveness of the cerebrovasculature, which is effected by the presence of nitric oxide (NO) and nitric oxide synthase (NOS) in neurons and endothelial cells (Mayhan et al. 2008; Gauthier et al. 2015) . During aging, there is an increased production of ROS and ROS has been shown in both mice and rats to impair the NOS-dependent reactivity of the cerebrovasculature (Park et al. 2007; Mayhan et al. 2008) . Thus, the availability of NO and NOS may also explain the age-related changes in CBF that we report in the present paper.
The meaning of a rise in theta activity, in animals and in humans, is incompletely understood. A rise in theta activity most commonly represents a decrease in CBF or a low level of hypoxia (Ingvar et al. 1976; Steriade et al. 1990) . Our experiments showed a reduced CBF response to stimulation while the consumption of oxygen increased. Thus, one would expect theta activity to be increased. In contrast, we see a reduction in theta activity. We interpret the reduction in evoked theta activity as a consequence of a mismatch of energy supply and use. Others have shown that theta activity in rodents correlate more poorly with evoked blood flow responses (Sumiyoshi et al. 2012; Niessing et al. 2005) , and we therefore conclude that it is the reduced gamma frequency activity that may cause the attenuation of blood flow responses in old adult animals. Furthermore, increased theta may represent a slowing down of the alpha rhythm or a "mild" form of delta activity, but to our knowledge no data describe the interaction between theta and gamma activity.
In contrast to the decline in CBF, whisker pad stimulation caused a significant increase in CMRO 2 in old adult animals compared with that of young adult animals (Fig. 1m) . This is in line with a human study reporting that CMRO 2 responses increased more than evoked CBF responses in older individuals (Hutchison et al. 2013) . One possible interpretation of these results is that synaptic transmission and gamma frequency activity bear a higher energetic cost in old than in young brains (Lu et al. 2011) , which could reflect decreased mitochondrial respiratory efficiency in old mice (Kann et al. 2011) leading to increased oxygen use per molecule ATP produced. If this translates to the experimental system used here, reduced gamma activity in old adult mice reflects age-related mitochondrial dysfunction (Kann et al. 2011) as observed in vitro using hippocampal slices of old and young adult mice (Vreugdenhil and Toescu 2005; Toescu and Vreugdenhil 2010; Lu et al. 2012) . Alternatively, the rise in stimulated CMRO 2 responses in old adult mice could reflect an age-dependent decrease in aerobic glycolysis with age because of a decline in creating or turning over of synapses (Goyal et al. 2014) . This is consistent with a decrease in cerebral grey matter volume with age Pfefferbaum 2006, 2007) , the age-dependent decline in the size of pyramidal neurons (Stark et al. 2007 ) and the age-dependent decrease in the number of synaptic spines (Dickstein et al. 2013 ). These alternative accounts of the activity-dependent increase in CMRO 2 are not mutually exclusive and further experimental investigations are needed. Nevertheless, the reduced gamma activity in old adult mice in vivo in face of the rise in work-dependent respiration may make the brain become increasingly vulnerable to the effects of excessive metabolic loads, usually associated with trauma, ischemia or neurodegenerative processes to handle other energy-demanding events (Vreugdenhil and Toescu 2005) . This could lead to development of age-related cognitive dysfunction or predispose to sporadic cases of AD.
Both in vitro and in vivo studies show increased secretion of vasoactive substances during synaptic activity, suggesting that interneurons might directly or indirectly regulate neurovascular coupling (Cauli et al. 2004; Enager et al. 2009 ). PV interneurons contribute to positive BOLD signals (Lee et al. 2010 ) consistent with an evoked rise in CBF, while in cortical brain slices, PV interneurons cause vasoconstriction (Urban et al. 2012 ) and express vasoactive substances, such as neuropeptide Y (Karagiannis et al. 2009 ). Our data revealed that Ca 2+ responses were lower in PV interneuron perisomatic boutons and their target neurons in old adult mice, which was associated with a reduction in the hemodynamic responses. Therefore, it is possible that PV interneurons modulate neurovascular coupling in vivo by inhibiting excitatory neurons, but more likely PV interneurons determine CBF responses indirectly by their ability to synchronize network activity at gamma frequency (Niessing et al. 2005) .
In this study, we report that within the group of young adult animals, astrocyte Ca 2+ signaling is significantly smaller than the Ca 2+ signal in neurons and neuropil, whereas this was not the case for old adult animals. In this study, we did not statistically find a difference in the astrocyte Ca 2+ signal between young adult and old adult mice. However, several recent studies suggest that astrocytes are important for shaping not only synaptic activity, but also for the activity of PV interneurons (Dallerac et al. 2013; Lee et al. 2014; Perea et al. 2014) . Lee et al. (2014) reported that astrocytes shape the fast neuronal activity and influence gamma oscillations in awake-behaving mice, and in line with this view, Perea et al. (2014) showed that optogenetic activation of astrocytes increased the firing of PV interneurons in visual cortex. Thus, these results suggest that changes in astrocyte activity may alter network dynamics and influence activity of PV interneurons. One could speculate that aging may change the relationship between astrocyte and PV signaling, but further studies are needed to elucidate age-related changes in astrocyte-PV interneuron Ca 2+ signaling.
In conclusion, our data suggest that attenuation of PV interneuron activity may explain reduced neocortical gamma activity in aged mice. Our results also provided evidence of alterations of neurovascular coupling and an increase in oxygen use in old adult mice that are likely to reduce the homeostatic reserve capacity associated with activity in aged brains.
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